A forward second-harmonic scattering method for determining the second-order susceptibility coefficients of ZnO nanorods on the order of 100 nm in diameter is presented. The long coherence length and strong intensity of the forward second-harmonic signal allow for a simple theoretical model to match the experimental measurements; this results in getting accurate values for the second-order susceptibility tensors. Different signs of d 31 and d 33 are confirmed. The results also show that Kleinman's symmetry is destroyed at a near-resonant second-harmonic wavelength of 405 nm for the ZnO nanorods.
I. INTRODUCTION
Zinc oxide ͑ZnO͒ has many unique properties that make it a desirable material for constructing nanodevices. Not only is ZnO a wide bandgap semiconductor with a nonlinear susceptibility, but also it is biosafe and biocompatible. These features allow ZnO to be used in many applications that other materials are restricted from, including sensing and biomedical devices. 1 Recently, the nonlinear optical properties of ZnO nanostructures, such as nanorods, tetrapod, etc., have become a topic of great interest for researchers due to the many potential uses in nanodevices such as lasers, frequency doublers, and other nanophotonic devices. [2] [3] [4] The second-order susceptibility tensors of the ZnO, for instance, determine the efficiencies for nonlinear optical processes in determination of the nanocrystal orientation, 3, 4 which will help researchers characterize the nanodevices.
Second-order susceptibility tensors could be experimentally determined by using near-field scanning optical microscopy ͑NSOM͒ or epifluorescence second-harmonic microscopy techniques in back-reflection geometries. 3, 4 Both of these methods use back-irradiated and back-reflected emissions, 3, 4 which are much weaker than the forwardirradiated emissions. The coherence length of the back irradiated emissions is also at least an order of magnitude shorter than the coherence length of the forward irradiated emissions. 5 In ZnO at a 405 nm wavelength, the coherence length for the back-irradiated second-harmonic signal is roughly 49 nm, while the coherence length of the forwardirradiated signal is roughly 880 nm, as will be discussed in Eqs. ͑8a͒ and ͑8b͒. 5 In many cases, the short coherence length with the back-irradiation configuration conflicts with some of the assumptions required for using these methods. For example, both the NSOM and the epifluorescence second-harmonic microscopy assume that the coherence length of the backward signal is much longer than the thicknesses of the measured structures, which is unrealistic for structures on the order of 100 nm, 3, 4 such as the ZnO rods that will be presented in this paper. Also, in both of those systems there will be interferences, between the backirradiated emissions and the forward emissions, that are reflected back from the substrate interfaces, which reduce the quality of the signals and thus the accuracy of the measurements. Moreover, the different weightings required by the two types of radiations also greatly complicate the analysis of the measured data. Finally, as stated by Long et al., 4 NSOM is ideal for structures that are much smaller than the wavelength, while the epifluorescence method is ideal for wavelengths much smaller than the structures; however, neither method works well for studying structures having their sizes similar to the optical wavelengths involved.
In this paper, a different method is presented that is suitable for finding the second-order susceptibility tensors of the ZnO nanorods. This method bypasses many of the earlier shortcomings by using transmitted forward irradiation, instead of backward or reflected irradiation. The theoretical basis of this method will be presented and compared with the experimentally measured second-harmonic polarization diagrams, from which the second-order susceptibility tensors of the ZnO nanorods are determined.
II. EXPERIMENTAL DETAILS
A different method was used to determine the secondorder susceptibility tensors of ZnO rods grown on a fused quartz substrate by the aqueous solution method. The rods have typical diameters of 100-250 nm and lengths of several micrometers oriented parallel to the surface of the substrate, as shown in Fig. 1 . The density of the ZnO rods is very low, so only one rod is within the field of view during the following optical studies. The rod was excited by a mode-locked Ti:sapphire laser operated at 810 nm ͑with a repetition rate of 82 MHz and a temporal width ϳ100 fs͒, which was slightly focused onto the center of a single rod with a spot size of approximately 100 m. Fig. 2 , a longpass filter was placed directly in front of the sample to filter out any second-harmonic ͑SH͒ signal from the fundamental beam. After being transmitted through the sample, the signal then passes through a bandpass filter to select only the SH radiation. A half-wave plate before the sample and a polarizer after the sample mounted on rotating stepper motors were used to adjust the polarization of the incident beam and to analyze the polarization of the generated SH radiation, respectively. After the polarizer, the SH signal goes into a 0.5 m spectrometer and is detected by a photomultiplier tube ͑PMT͒. To locate a single ZnO rod, we first measured the SH image by using an objective and a camera after the sample, and then carefully moved the single ZnO rod exactly at the center of the laser beam spot. 6 The objective and camera were then removed. A lens ͑⌽ = 1 in. and f =20 cm͒, together with an Iris diaphragm ͑IR͒, was placed between the polarizer and the sample ͑about 60 cm from the sample͒ to collect only the directly transmitted coherent SH waves by adjusting the IR to just pass through the fundamental beam. A lock-in amplifier and a chopper were used to enhance the signal-to-noise ratio of the detected SH radiation. 6 10% of the original fundamental laser beam passes into a reference nonlinear BBO crystal ͑␤-BaB 2 O 4 ͒ whose SH radiation is detected by another PMT ͑also connected to the lock-in amplifier͒. This SH radiation serves as a reference in order to normalize laser intensity fluctuations from the laser. The data gathered from the PMTs can now be used to correlate the detected SH intensity to the incident polarization angle ͑po-larization diagrams͒.
III. THEORETICAL CONSIDERATIONS
As previously mentioned, the coherence length of the forward-irradiation transmitted through the substrate is one order of magnitude longer than that of the back irradiation that was used in the previous methods. This allows a better measurement ͑with higher accuracy͒ for the coherence beam. Also, in this current geometry, as shown in Fig. 2 , the back irradiation reflected from the fused quartz substrate, such as the one used in this paper, is only 4% in intensity. 6 Due to the shorter coherence length and the low intensity relative to the forward irradiation, the back irradiation can be neglected in this study. In addition, the slightly focused laser beam allows the assumption that the incident light source can be considered as a plane wave. Previously, similar systems have been theoretically treated from their scattering characteristics. [7] [8] [9] However, under the current experimental setup, the scattering light is limited ͑and blocked͒ due to the iris placed in front of the spectrometer. Essentially, a far-field Fraunhofer diffraction pattern of the ZnO rod forms on the IR. The IR works as a spatial frequency filter to pass through only the lowest frequency component located at the center of this pattern. This lowest frequency corresponds to the directly transmitted ray 1 in Fig. 3 without deviation in the theory of Fraunhofer diffraction ͑far-field diffraction͒. Therefore, we can treat our measurements by neglecting the deviated optical rays. Thus, the scattering of the SH signal can be neglected leaving only the forward-irradiating SH emissions.
Based on above considerations, the geometry of the sample system can be simplified to four layers: vacuum, ZnO, fused quartz, and vacuum. This allows the thin film formula to be used, as done in the work of Johnson et al., 3 to characterize the current experimental system. Following Sipe et al., 10, 11 as shown in Fig. 3 , the transmitted SH fields after the sample ͑region 4͒ are given by 
Here, r ij,2 ͑s,p͒ and t ij,2 ͑s,p͒ represent the Fresnel reflection and transmission coefficients of the SH waves from i to j, respectively. The indices of refraction of layer i at the fundamental ͑͒ and SH ͑2͒ frequencies are represented by N i and n i , respectively; D is the diameter of the rod, ŝ , k , ẑ are the unit vectors along the three axes of an orthogonal coordinate system with the incidence plane defined as ͑k , ẑ͒; and is the incidence angle of the fundamental beam. It should be noted here that the back irradiation is omitted from these equations. The Fresnel factor, T 34,2 ͑s,p͒ , accounts for the multiple reflections of the SH waves inside the rod. The nonlinear polarization P 2 excited by the fundamental beam is given by 
L eff is the coherence length in the transmission geometry. Under normal incidence, the coherence length can be simplified to
where 0 represents the fundamental wavelength. This coherence length, which is derived from the interferences of the forward SH waves, is much larger than the coherence length of the reflected SH waves given by the expression 6,14
L Leff
Re fl = 0 /͓4͑N 3 + n 3 ͔͒, ͑8b͒
The transmitted s-and p-polarized SH intensities can be fitted via 
Since the ratio of b p / a p and the Fresnel factors f ͑s,c͒ , F ͑s,c͒ , and t ͑s,p͒ depend strongly on the incidence angle of the fundamental laser beam, two linear equations can be created in the form of Eq. ͑10͒ by measuring the SH emissions at two different incidence angles and then solving for the relations to obtain the ratios of the susceptibility tensor elements.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
Measurements of the SH intensity as a function of the polarization angle of the incident fundamental beam were performed at incidence angles of 0°and 27°, respectively. Figure 4 shows the measured data for both the p-polarized and s-polarized SH intensities. As can be seen in the figure, the strongest SH is observed with the p-polarized incident fundamental and p-polarized SH fields. The theoretical fits in the figure correspond to Eq. ͑9͒. From such fits to the data, we can obtain the parameters c s , a p , and b p . These fitting parameters are needed to determine the values for the susceptibility tensor elements, as indicated in Eq. ͑10͒. The parameters a p and b p , used to fit Fig. 4͑b͒ , were inserted into the two linear equations created in the form of Eq. ͑10͒ for the two incidence angles, respectively. These equations were then solved to obtain the ratios of d 33 were not used to derive Eq. ͑10͒, but they are helpful for the verification of the theory. This can be seen from the good theoretical fits to the data in Fig. 4͑a͒ . The index of refraction values for the ZnO rod and the substrate used in this calculation are N 2 = 1.470, n 2 = 1.453, N 3 = 2.1708, and n 3 = 1.9407.
To find the absolute values of the tensor components, the ZnO rod was replaced with a Z-cut quartz reference plate oriented ͓1 0 1 0͔ along the k direction. The same experimental setup was used for both the ZnO rod and the quartz plate. Under normal incidence of a p-polarized fundamental beam, we compared the p-polarized SH intensity I p−p q from the quartz plate with the p-polarized SH intensity I p−p NR of the ZnO rod. The absolute value of d 33 for the ZnO rod is then calculated via the equation
where d 11 q is the corresponding susceptibility component of the crystal quartz; t v→q is the Fresnel transmission coefficient from vacuum to quartz; and n q and N q are the refraction indices of the quartz at the fundamental and SH wavelengths, respectively. The ratio of I p−p NR / I p−p q was determined approximately by measuring the relative brightnesses at the center of the SH images of the ZnO rod and the quartz plate. The following values were used in these calculations: N q = 1.557 13, n q = 1.538 22, and d 11 q = 0.3 pm/ V.
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The value found for d 33 is 3 pm/V, which is of the same order of magnitude as the value of 5.5 pm/V found previously for ZnO wires of similar diameter using the NSOM method. 3 This leads to values of d 31 = 0.56 pm/ V and d 15 = 0.86 pm/ V for the other two components. The value of Ϫ5.4 found for d 33 / d 31 is also similar in magnitude to the value of 4.2 reported for the ZnO nanowires, but opposite in sign. 3 This sign difference could be due to the interference between different components of d ij , which has not been accounted for in the effective susceptibility in the NSOM calculations. The sign of the individual components was also ignored in the NSOM calculations as the components were squared in the equation used to derive the ratios. The negative sign in the ratio of d 33 / d 31 is consistent with the com- ponent ratios for crystalline ZnO. 13 The measured ratio of d 15 / d 31 = 1.53 shows that Kleinman's symmetry ͑d 15 = d 31 ͒, which is assumed in the NSOM method, does not hold in this case, probably due to the absorption of the SH radiation at ͑405 nm͒, 3 as has been seen in ZnO thin films. 14 The energy of the SH radiation ͑3.06 eV͒ is only slightly lower than the bandgap energy of the ZnO ͑3.37 eV͒, 1 indicating the possibility of a nonzero absorption at this wavelength.
V. CONCLUSIONS
We presented an effective method to determine the elements of the second-order susceptibility tensor for ZnO nanostructures. The used transmission geometry for SH radiation has clear advantages over the previously used backreflection SH methods in determining the susceptibility tensor components, since in the forward geometry the back irradiation can be ignored and the system can by simplified to be a simple four-layer system. Measured polarization pattern diagrams were matched well to the theory derived from the system, from which the susceptibility tensor components can be uniquely determined. At the near-resonant SH wavelength of 405 nm, the ratios of tensor components were found to be d 33 Using a reference measurement from a z-cut quartz plate, the absolute values of these tensor components were also found.
This developed method can be used to measure second-order susceptibility tensors of other nanostructures.
